The electron-stimulated desorption ͑ESD͒ yields and energy distributions for Cs atoms from a cesium layer adsorbed on germanium monolayer-covered tungsten surfaces have been measured as a function of electron energy, cesium coverage ⌰, and substrate temperature. Cs is adsorbed at low temperature, 160 K. The measurements have been carried out using a time-of-flight method and surface ionization detector. The Cs atom appearance threshold is about 24 eV at ⌰Ͻ0.1 ML which correlates well with the Cs 5s level excitation energy. The cesium atom appearance threshold shifts to about 30 eV at ⌰Ͼ0.15 ML which can be associated with the Ge 3d level excitation energy; a resonantlike peak with a maximum at E e about 38 eV that can be associated with the W 5p 3/2 level excitation energy also appears. This peak is seen only at ⌰Ͻ0.3 ML and at a substrate temperature T Ͻ 300 K. A second resonantlike peak appears at ⌰Ͼ0.3 and at E e about 50 eV. A third resonantlike peak is observed at ⌰Ͼ0.5 ML, at E e about 80 eV. The positions of these two peaks can be associated with W 5p 1/2 and W 5s level excitation energies, respectively. The intensities of all resonant features pass through maxima at ⌰ = 1 as the cesium coverage increases and are almost independent of the substrate temperature. The energy distribution for Cs atoms consists of a bell-shaped peak with a maximum at a kinetic energy of 0.55 eV at ⌰Ͻ0.15 ML. It is transformed into a distribution containing two peaks at ⌰Ͼ0.15: a wide one with a maximum at a kinetic energy of 0.5 eV and a narrow one with a maximum at a kinetic energy of 0.35 eV. The results are interpreted to arise from three ESD channels for Cs atoms associated with excitations of Cs, Ge, and W core levels, respectively.
I. INTRODUCTION
Electron-stimulated desorption ͑ESD͒ from metal, semiconductor, and insulating surfaces is used for analyzing and modifying adsorbed layers. [1] [2] [3] However, there is a shortage of reliable measurements of the ESD yield and energy distribution for neutral particles, 4 which are necessary for clarifying detailed models of this process. In particular, the ESD yield for neutrals from some adsorption systems reveals resonantlike peaks at electron energies which correlate well with the substrate core-level excitation energies. Such peaks are observed in the ESD of alkali-metal atoms from layers adsorbed on oxygen monolayer-covered molybdenum surfaces, [5] [6] [7] in the ESD of Eu and Sm atoms from layers adsorbed on oxygen monolayer-covered tungsten surfaces, 8, 9 and in the ESD of Cs atoms from layers adsorbed on germanium-film-covered tungsten surfaces over a range of Ge film thickness. 10, 11 The position of the peaks in electron energy is independent of the adsorbed metal coverage and substrate temperature while the intensity of the peaks depends only weakly on the substrate temperature. On the other hand, resonantlike peaks are not observed in the ESD of alkali-metal atoms from alkali layers adsorbed on tungsten covered by thick films of oxides or on silicon-covered tungsten. 12, 13 The present article expands on our earlier reports; 10, 11 it summarizes new measurements of the ESD yield and energy distribution for Cs atoms desorbed from cesium layers adsorbed on germanium-covered tungsten surfaces as a function of electron energy, substrate temperature, and cesium coverage ⌰. The ESD yields for neutrals from alkali layers adsorbed on tungsten are usually quite small. The deposition of a semiconducting material, a Ge film between the tungsten surface, and the adsorbed alkali-metal film hinders electron transport, and the ESD yield for alkali-metal atoms increases by a large factor. The main differences between the previous reports 10, 11 and the present measurements concern the range of Cs coverage ⌰ and the Cs adsorption temperature ͓160 K here, versus mostly 300 K ͑Refs. 10 and 11͔͒. Also, we focus here on ESD phenomena observed for Cs deposited on a single monolayer ͑1 ML͒ of Ge on W. Evidence for three distinct channels of Cs ESD is found ͑versus two channels described in Refs. 10 and 11͒, and ESD mechanisms involving substrate core-excited resonances are characterized in detail.
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II. EXPERIMENT
The instrument and the procedures used for preparing the sample for measurements are discussed in detail elsewhere. 11, 12 In short, the measurements are performed in a bakeable stainless-steel chamber with a residual gas pressure below 5 ϫ 10 −10 Torr. The sample is a textured tungsten ribbon measuring 70ϫ 2 ϫ 0.01 mm 3 with a predominantly ͑100͒ oriented surface. The sample is cleaned of carbon by annealing in an oxygen atmosphere ͓p͑O 2 ͒ =1ϫ 10 −6 Torr͔ at T = 1800 K for 3 h. The sample contamination is checked by Auger electron spectroscopy and thermal desorption spectroscopy in separate experiments.
Germanium is deposited onto a tungsten surface at T = 300 K from a directly heated evaporator made of a tungsten tube containing Ge pieces with an impurity concentration lower than 10 −16 at./ cm 3 . The Ge monolayer is determined as described in Refs. 10 and 11 by identifying the maximum in a plot for the Ge deposition time dependence of the Cs atom ESD yield after Cs monolayer deposition at T = 160 K. The ESD yield and energy distribution measurements are carried out using a time-of-flight method and a surface ionization detector. The sample surface is irradiated by electron pulses with a repetition frequency of 1 kHz. The average electron current density does not exceed 5 ϫ 10 −6 A/cm 2 in the electron energy 0 -200 eV so there is no noticeable heating of the sample during electron bombardment.
Cesium is deposited on the target at T = 160 K from a directly heated evaporator by thermal decomposition of Cs chromate. The Cs concentration on the target surface is determined from the deposition time under constant flux. The Cs flux intensity is measured by means of the total Cs ion current during surface ionization at the sample surface heated to the temperature for saturation of ion current ͑T ϳ 1800 K͒. The Cs concentration corresponding to one monolayer ͑⌰ =1 ML͒ is taken to be N o =5ϫ 10 14 cm −2 , since the ESD yield of Cs atoms reaches a maximum at this value.
The sample can be cooled by flowing gaseous nitrogen through the hollow current leads via a copper tube immersed into liquid nitrogen. The sample temperature is varied in the temperature range of 160-300 K by changing the gas flow rate and the temperature measurements in this range are based on the sample resistance. In addition, the sample can be heated resistively and the sample temperature is measured with an optical micropyrometer in the high-temperature range; a linear extrapolation of the temperature dependence of the heating current is used to determine temperatures between 300 K and incandescence. Figure 1 shows plots of the ESD yield q for Cs atoms from Cs layers adsorbed on germanium monolayer-covered tungsten surfaces as a function of electron energy E e for Cs coverages ⌰Ͻ0.15 ML and at a substrate temperature T = 160 K. The yield q ͑desorbed atoms per incident electron͒ is expressed in arbitrary units. Electron energies are corrected for the emitter work function. The Cs atom ESD yield appearance threshold is close to an electron energy of 24 eV; this value correlates well with the ionization energy of the Cs 5s level. 13 Above the threshold the yield rises sharply with increasing electron energy and passes through a wide plateau in the electron energy range of 40-80 eV. Above 80 eV the signal decreases gradually reaching a saturation at E e Ͼ 140 eV. Figure 2 demonstrates that the plateau intensity passes through a wide maximum as the Cs coverage increases in the range from 0.05 to 0.08 ML and then falls to zero at ⌰Ͼ0.14 ML.
III. RESULTS
As shown in Fig. 3 , the shape of the energy dependence of Cs atom ESD yield changes with ⌰ sharply at ⌰Ͼ0.15 ML. The appearance threshold shifts to E e = 30 eV which is close to the Ge 3d level ionization energy 13 and the plateau is replaced by a resonant peak with a maximum at E e about 38 eV which corresponds to the ionization energy of the W 5p 3/2 level. 13 The intensity of this peak reaches a maximum with increasing ⌰ at a Cs coverage of about 0.25 ML and then the peak disappears at a coverage of about 0.3 ML.
Another resonant peak appears in the plot q = f͑E e ͒ at an electron energy of about 50 eV and at ⌰Ͼ0.3 ML its intensity increases with ⌰. Figure 4 illustrates the development of the resonant ESD features as Cs coverage increases at 160 K. The first resonant peak at E e = 38 eV vanishes as a second resonant peak at E e = 50 eV grows at ⌰ = 0.5 and 1.0 ML, while a third resonant peak at E e = 80 eV appears with increasing Cs coverage ⌰Ͼ0.5 ML ͑Fig. 4, top two curves͒. The electron energies of the peak maxima at 50 and 80 correlate with the ionization energies of the W 5p 1/2 and W 5s levels, respectively.
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The intensity of each of these peaks reaches a maximum at ⌰ = 1 and is almost independent of the substrate temperature T in the range of 160-300 K, while the peak at 38 eV vanishes at T Ͼ 200 K. Figure 5 shows the Cs atom ESD yield as a function of substrate temperature for two cesium coverages, 0.05 and 0.25 ML, at electron energies of 50 and 38 eV, respectively. The yield is almost constant up to a temperature of 230 K for ⌰ = 0.05 ML at E e = 50 eV and it vanishes with increasing substrate temperature in the very narrow temperature range of 230-250 K. The signal decreases with T in a slightly wider temperature range for ⌰ = 0.25 ML at E e = 38 eV. Figure 6 illustrates the normalized Cs atom ESD energy distributions from cesium layers adsorbed on germanium monolayer-covered tungsten surfaces at T = 160 K for different cesium coverages and electron energies: ⌰ = 0.05 and 0.1 ML, E e =38 eV ͑curve 1͒, ⌰ = 0.25 ML, E e =50 eV ͑curve 2͒, and ⌰ = 0.5 ML, E e =50 eV ͑curve 3͒. The energy distribution ͑curve 1͒ consists of a bell-shaped peak with a maximum at a kinetic energy of 0.55 eV at a cesium coverage ⌰Ͻ0.1 ML; within experimental uncertainty, its shape and position in kinetic energy are independent of ⌰. The energy FIG. 6. Normalized ESD energy distribution for Cs atoms from cesium layers adsorbed on germanium monolayer-covered tungsten at T = 160 K for electron energies and cesium coverages: curve 1 ͑⌰ = 0.05 and 0.1 ML, E e =50 eV͒; curve 2 ͑⌰ = 0.25 ML, E e = 38 eV and 120 eV͒; curve 3 ͑⌰ =0.5 ML, E e =50 eV͒. distribution contains two completely separated bell-shaped peaks with maxima at kinetic energies of 0.35 and 0.5 eV at ⌰Ͼ0.15 ML. These peaks shift toward higher energies with increasing cesium coverage without any change in shape. The 0.55 eV peak disappears at T Ͼ 250 K and the intensity ratio of the 0.35 eV peak to the 0.5 eV peak decreases with increasing substrate temperature.
IV. DISCUSSION
Germanium deposited on tungsten is chemisorbed on the top layer of the W substrate and internal diffusion of germanium into the substrate is not observed; the Ge-W interface appears to be very sharp.
14 Cesium adsorption lowers the work function for Ge ͑111͒ by about 3 eV which indicates the ionic character of bonding between cesium and germanium. 15, 16 On the other hand, the observed Ge atom core-level shifts on a Ge ͑100͒-2 ϫ 1 surface after cesium adsorption lead to the conclusion that cesium is adsorbed in partially ionic form and the germanium atoms acquire about 0.3 e / at. 17 This conclusion is supported by a low-energy D + ion scattering study on Ge ͑100͒ surfaces covered with low cesium coverages. 18 Metastable deexcitation spectroscopy has also found that electron transfer from Cs 6s-induced states to Ge is incomplete even after coadsorption of oxygen. 19 High-resolution photoemission spectra from the Cs/ Ge ͑100͒-2 ϫ 1 interface have shown that both covalentlike and ionic-like bonds occur in the energy shifted components of the spectra. 20 Hence, at least a fraction of cesium adsorbed on a germanium surface appears to be in ionic form and the present measurements indicate that the ESD yield of Cs atoms can be due to three independent channels.
The Cs atom ESD yield with the lowest appearance threshold ͑ϳ24 eV; see Fig. 1͒ is associated with the ionization of adsorbed Cs + species; this channel for desorption occurs only for low Cs coverages, Ͻ0.15 ML ͑Fig. 2͒ and was not reported previously. 10, 11 The newly formed Cs +2 ion feels an enhanced attraction to the surface due to the increased charge and reduced electronic shell repulsion. As it moves toward the surface, the Cs +2 ion 5s level ͑24 eV͒ can be filled by an electron from the Ge valence band or from a surface state following an interatomic Auger process and the Cs + ion may be neutralized, e.g., by the Auger electron; the Cs atom thus formed will start moving away from the surface. This process is called reverse motion. The Cs atom passing through the Cs + ion adsorbed layer can be reionized by one-electron charge transfer from the desorbing atom to ions in the adsorbed film; this can lead to a decrease in the flux of desorbed neutral atoms. The probability of this reionization process increases with increasing cesium coverage and has a very high cross section even at coverages as low as 0.05 ML; 20 this means that the Cs atom ESD yield decreases with increasing ⌰. The Cs atoms desorbed in this channel have the highest kinetic energy because they approach the surface closer than these desorbed via other channels ͑Fig. 6, curve 1͒. The fact that the Cs atom energy distribution for Cs atoms desorbed in this channel does not depend on the cesium coverage is evidence that the neutralization of Cs +2 ions occurs at the same distance from the surface. This channel works only at T Ͻ 300 K and low Cs coverage, which may be attributed to electron charge transfer from the desorbing Cs atom to the Ge-covered substrate.
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The second channel for desorption of Cs may be linked to the formation of a hole in the germanium 3d level whose ionization energy is about 30 eV ͑Fig. 3͒. This value determines the Cs atom appearance threshold at a cesium coverage ⌰Ͼ0.1 ML as well as the smooth enhancement of the Cs atom ESD yield with increasing electron energy above threshold. These Cs atoms have a wide energy distribution with a maximum at a kinetic energy of about 0.5 eV. The hole in the Ge 3d level may be filled by an electron from a higher energy level in an Auger decay process. The Auger electron can be captured by an adsorbed Cs + ion to become neutralized. If the positive germanium ion formed as a result of the Auger process relaxes its charge faster than the Cs atom is reionized, the Cs atom will escape from the surface by overlapping valence orbitals of the Cs atom and the surface Ge atom. The yield of Cs atom increases in this channel with increasing substrate temperature because the relaxation rate for Ge ion charge increases. [5] [6] [7] The most striking aspect of the present work is the observation of a third channel for ESD of Cs from Ge/ W: sharp resonance features at 38, 50, and 80 eV which we associate with substrate W core excitations ͑5p 3/2 , 5p 1/2 , and 5s, respectively͒. The features at 50 and 80 eV were reported previously and attributed to the formation of W core excitons; 10 the peak at 38 eV was not seen in the previous work. 10, 11 The W core-level excitations are transferred through the ultrathin Ge layers to Cs and initiate desorption. However, these processes turn off for thicker Ge coverages Ͼ2 ML, 11 for which screening is very effective. Several observations indicate that the ESD excitonic mechanisms associated with each of the three resonant peaks ͑38, 50, and 80 eV͒ are the same: the resonant peaks have approximately the same width as a function of E e , and also the same shape of energy distributions with maxima at a kinetic energy of 0.35 eV. The different cesium coverage and temperature behavior for these peaks ͑and especially, the narrow coverage range of the 38 eV peak; see Fig. 3͒ may be attributed to the presence of the Ge 3d level which is close to the W 5p 3/2 level. Electrons from the Ge 3d level in the adsorbed Ge film may easily fill holes in the W 5p 3/2 levels, but the relaxation probability for deeper levels is much lower. The electron energy barrier between W and the Cs +2 ion is lower than that between the Ge 3d and the W 5p 3/2 levels ͑Fig. 5͒.
As argued previously for the resonant features at 50 and 80 eV, the third channel may involve the removal of Cs as CsGe. 21 These molecules may result from the destruction of the bond between the adjacent W and Ge atoms by the formation of W core excitons. The possible ESD of CsGe molecules is based on several observations of Ge-alkali compounds indicating the direct synthesis of a NaGe molecules, 22 and the observation of molecular CsGe + ions in the bombardment of Si 1−x Ge x by Cs + ions 23 as well as in the bombardment of Ge implanted with 14.5 keV Cs + by 3 keV Ar + ions. 24 The CsGe molecule can dissociate directly at the target surface or in the surface ionization detector. In any case, the desorption yield is determined by measuring the surface ionization current.
If, indeed, the resonant signals are due to ESD of CsGe molecules, we suggest the following mechanism. The ESD of CsGe may arise from the creation of an antibonding state between W and Ge as a result of the production of a W core-level exciton that has a sufficient lifetime to allow the GeCs molecule to escape from the surface. Relaxation of the core hole as a result of intra-atomic Auger decay or x-ray fluorescence processes destroys the antibonding state and the desorption of GeCs molecules ceases. The ESD yield of GeCs molecules depends very weakly on the substrate temperature because the antibonding state is rather temperature stable.
V. SUMMARY
The ESD of Cs from a cesium layer adsorbed on a Ge monolayer-covered tungsten surface arises from three channels due to the excitations of core levels of cesium, germanium, and tungsten. The excitation of adsorbed cesium results in the desorption of Cs atoms via reverse motion. The excitation of germanium causes the desorption of Cs atoms as a result of overlapping valence shells of a Cs atom and a Ge surface atom. The excitation of tungsten core levels may lead to the desorption of CsGe molecules by means of antibonding states arising from the formation of W core excitons. The W core excitations are associated with an unusual ESD resonant character.
